Abstract -Directional generation and detection of Scholte waves in liquids and microfluidic channels by capacitive micromachined ultrasonic transducers (cMUTs) is reported. An interdigital transducer structure along with a phased excitation scheme is employed to enhance the directionality of Scholte interface waves in microfluidic environments. Experiments on the interdigital cMUTs show that a 5 finger-pair device in a water half-space has 12dB of directionality in generating Scholte waves at the design frequency of 10MHz, which agrees with finite element analysis results. Transducers are demonstrated to perform bidirectional pumping in microfluidic channels with power levels in the milliwatt range. Interdigital cMUTs that are fabricated using low temperature processes can be used as compact ultrasonic transducers with integrated electronics for sensing and actuation in fluidic environments.
I. INTRODUCTION
Capacitive micromachined ultrasonic transducers (cMUTs) have been developed as alternatives to piezoelectric ultrasonic transducers particularly for micro-scale applications [1] . CMUTs offer advantages over piezoelectrics in terms of array fabrication, customization, device performance, and electronics integration [2] . In many applications, such as ultrasonic imaging, the aim is to selectively generate a bulk acoustic wave, such as a pressure wave, in the fluid. For these applications acoustic waves excited in the substrate, such as Lamb waves, and at the fluid-solid interface, such as Scholte waves, are considered undesirable, spurious modes and have been identified as a cause of crosstalk in cMUT arrays [3] , [4] . Researchers have used Lamb waves generated by piezoelectrics and cMUTs for airborne [5] , [6] and immersion applications [7] , [8] . However, these Lamb wave devices are fabricated on thin membranes making CMOS electronics integration and device customization difficult.
In this paper, we present interdigitated cMUTs which generate highly directional Scholte interface waves in fluidic environments. The interdigitated cMUTs consist of parallel rows of rectangular silicon nitride membranes separated by λ/4, where λ is the acoustic wavelength of the Scholte mode. Driving neighboring elements with a 90º phase difference generates a traveling wave propagating predominantly in a single lateral direction, from transmitter toward receiver [7] (Figure 1(a) ). The micrograph of a typical interdigital cMUT operating at 10MHz, where the Scholte wavelength is 146µm, is shown in Figure 1 Since the cMUTs are surface micromachined using a PECVD-based process with a maximum processing temperature of 300ºC, they can be integrated into a variety of fluidic systems and integrated with electronics via post-CMOS processing [9] .
The same interdigital cMUT can be used to perform two types of measurements: traditional bulk wave pulse-echo operation in a microchannel and Scholte wave transmit-receive operation in a fluid half-space or microchannel. A directional Scholte wave is generated by exciting the fingers of the interdigital transducer independently with a phase shifted tone burst at the design frequency. Since the Scholte wave is sensitive to changes in fluid properties, the arrival time of the received signal will vary with the sound speed of the liquid and the amplitude will change as a result of attenuation. This mode of operation provides an independent set of measurements compared with pulse-echo operation.
Additionally, interdigital cMUTs can be used as actuators in microfluidic environments. Exciting the fingers of the transducer with phase shifted, continuous wave signals at the design frequency generates highly directional Scholte waves. When the amplitude of the Scholte wave is large, acoustic streaming forces result in a net flow of the fluid in a particular lateral direction [7] . By changing the relative phase of the signals, bidirectional pumping can be realized.
In the following sections, the analytical and finite element models of the interdigital cMUTs are presented and the results are discussed. The fabrication process is summarized before presenting the experimental results. Finally, preliminary results demonstrating fluid sensing in a half-space and bidirectional pumping in a microchannel are presented.
II. MODELING

Analytical Model
In order to design the interdigitated cMUTs, the propagation of possible acoustic wave modes in a microfluidic channel was modeled analytically [9] . In addition to lowest order Lamb waves, Scholte waves and other guided modes are able to propagate in the channel. The Scholte wave and the first guided channel mode have most of their energy concentrated in the fluid, 97% and 79% respectively, and are thus promising sensing and actuation tools for microfluidic applications.
The analytical model was used to determine the sensitivity of the propagating modes to changes in material and geometric properties. The guided modes in the channel, with phase velocities near 2500m/s, are very sensitive to changes in channel height, with a sensitivity of -70m/s/µm. The calculations also show that the phase velocity (V m ) of the Scholte wave is very sensitive to changes in propagation speed in the fluid, (V f ), ∆V m / ∆V f ~1, but insensitive to changes in solid properties, ∆V m / ∆Vs ~ 0.002. Therefore this propagating mode is suitable for selectively sensing the properties of the fluid. Based on the results of this analysis, interdigital cMUTs were designed to generate Scholte waves, which propagate with a phase velocity slightly below the sound speed in the fluid. Other guided modes can be generated with the same transducers by changing the excitation frequency such that the finger periodicity matches the wavelength of the mode to be generated, or vice versa.
Finite Element Model
The devices were modeled using the finite element program ANSYS to determine the effect of cMUT spacing and phasing on acoustic mode generation and directionality [9] . The finite element model shows that a 5 finger pair transducer in a water half-space should generate a Scholte wave with 10.6 dB of directionality. Increasing the number of finger pairs from 5 to 10 increases the Scholte wave directionality to 13.8 dB. Additional gains in directionality can be obtained by further increasing the number of finger pairs.
The efficiency in generating Scholte waves was determined by comparing the power in the forward propagating Scholte wave to the total acoustic power radiated into the fluid. For a 5 finger pair, 10MHz device, the efficiency was calculated to be 41%.
The same 5 finger pair transducer was simulated in 2D fluid channels of various heights and the resulting pressure distributions are shown in Figure 2 . In the 30µm channel, the interdigital cMUT produces 9.3dB of directionality. The results are important because they show the ability to generate directional waves in fluid channels of various heights and indicate a bidirectional pumping capability. The finite element model was verified against the analytical dispersion curve by comparing the presence of the propagating modes for different channel heights [9] .
III. FABRICATION
The interdigital cMUTs are surface micromachined on a silicon substrate using a low temperature, PECVD-based, CMOS compatible process [9] . The process is similar to other CMOS compatible cMUT processes [10] with a few exceptions. First, the silicon nitride which forms the membranes is deposited using PECVD at 250ºC. The silicon nitride has low stress, 40MPa (T), and good mechanical and electrical properties making it a suitable membrane material. Second, the amorphous silicon sacrificial layer is formed using PECVD at 300ºC. The low processing temperatures as compared to standard cMUT processes and other lowtemperature process indicate that these transducers can be post-processed onto CMOS electronics. Third, the membranes are sealed using PECVD silicon nitride. The directional nature of PECVD depositions causes the membranes to be sealed locally around the perimeter of the etch hole.
Transducers were designed for operation at 5, 10, and 20MHz to study the effects of frequency on guided mode generation and attenuation. A SEM of a single finger of a 20MHz transducer is shown in Figure 3 . This cMUT has individual membranes that are 0.6µm thick, 10µm wide, and 100µm long. 
IV. EXPERIMENTAL RESULTS
Directionality Measurements
A 5 finger pair, transmit-receive transducer was immersed in water half-space and excited with a 10MHz tone burst. The phase of the inputs was shifted with an operational amplifier based circuit. When the phase shift of the inputs was set to +90°, a wave was generated which propagated from the transmitter toward the receiver, referred to as forward excitation. When the phase was set to -90°, the wave propagated in the opposite lateral direction, referred to as backward excitation. The output signals from the receiver cMUT are shown in Figure 4 . By changing the phase of the inputs from +90° to -90°, it is possible to generate a signal with 12dB of directionality. The small discrepancy between the measured and calculated directionality can be attributed to the uncertainty of the material properties and geometry in the fabricated devices. A 10 finger transducer, designed for operation at 10MHz, was tested in a water-filled fluid channel 100µm deep. In this configuration, the cMUT produced a signal with 13.4dB of directionality. The increase in directionality resulted from increasing the number of finger pairs from 5 to 10.
Fluid Sensing
As a demonstration of the fluid sensing capability of the interdigital cMUT, a 5 finger pair transmitreceive device was placed in a fluid half-space of different compositions. The arrival time of the Scholte wave signal was observed to shift in time when the concentration of glycerol in water was increased from 0 wt% to 18 wt% ( Figure 5 ). The shift in arrival time is expected since the sound speed in the fluid increased from 1497m/s to 1571m/s. The amplitude of the received signal decreased as the concentration of glycerol was increased as a result of attenuation.
Actuation
The ability of the interdigital cMUTs to pump fluids using acoustic streaming was demonstrated by exciting the fingers of a 10 finger, 10MHz transducer with two phase shifted, continuous wave signals. The cMUTs were placed in a microfluidic channel 100µm deep and filled with water. Polystyrene spheres, 5µm in diameter, were suspended in the water to allow for flow visualization. A digital camera and commercial imaging software were used to obtain a time-lapse image of the particle motion and to track the trajectory of the polystyrene particles. Changing the electronic phase from +90º to -90º reversed the flow direction, indicating a bidirectional pumping capability. The flowrate increases linearly with power from 15.6nL/min at 1.8mW to 162nL/min at 179mW. The pressure head that the pump was working against at the maximum flowrate was calculated to be approximately 2Pa.
When the transducers were excited in phase at the fluid-loaded resonant frequency, the particles suspended in the fluid were observed to circulate rapidly in the vicinity of the transducer. This motion indicates that interdigital cMUTs are also capable of locally mixing fluid in a microchannel.
V. CONCLUSION
We have demonstrated the generation and detection of highly directional Scholte interface waves using interdigital cMUTs. The transducers can be integrated into a variety of microfluidic systems due to the CMOS compatible, surface micromachining fabrication process. The same interdigital cMUT can be used for bidirectional pumping, mixing, and fluid sensing in microfluidic environments.
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